Abstract. Dirofilaria immitis (heartworm) is the causative agent of an important zoonotic disease that is spread by mosquitoes. In this study, molecular and phylogenetic characterization of D. immitis were performed based on complete ND1 and 16S rDNA gene sequences, which provided the foundation for more advanced molecular diagnosis, prevention, and control of heartworm diseases. The mutation rate and evolutionary divergence in adult heartworm samples from seven dogs in western China were analyzed to obtain information on genetic diversity and variability. Phylogenetic relationships were inferred using both maximum parsimony (MP) and Bayes methods based on the complete gene sequences. The results suggest that D. immitis formed an independent monophyletic group in which the 16S rDNA gene has mutated more rapidly than has ND1.
INTRODUCTION
Dirofilaria immitis (heartworm) is a parasitic nematode that causes harmful diseases in mammals and is spread by mosquitoes. The usual host is dogs; however, foxes, coyotes, cats, red pandas, and humans are also infected. 1 Canine heartworm disease causes pulmonary hypertension because adult worms live mainly in the pulmonary arteries, where their presence incites the formation of reactive vascular lesions that result in pulmonary hypertension. 2, 3 Heartworm disease is globally distributed, and is especially widespread in tropical and subtropical areas. 4 As a common amphixenosis, this disease is now receiving widespread attention, and increasing numbers of cases have been reported in recent years. [5] [6] [7] [8] [9] In some areas, disease is present in up to 30% of human serum samples. 10 Because of the wide epidemic range and multiple hosts, heartworms are now considered to be among the most harmful Dirofilaria nematodes infecting man and other mammals.
Recent breakthroughs have been reported for research on the D. immitis transcriptome, 11 secretome, 12 nuclear genome, 13 and microRNAs. 14 Mitochondrial DNA (mtDNA) sequencing has been used for identification of filariae and for investigating genetic variability and phylogenetic relationships; however, these studies were limited to mitochondrial DNA gene partial fragment analysis. 15, 16 In this study, we determined the complete nucleotide sequences of ND1 and 16S rDNA D. immitis isolates from seven different dogs, and reconstructed phylogenetic trees using maximum parsimony and Bayes methods. This work provides foundation data for diagnosis, prevention, and control of heartworm disease.
MATERIALS AND METHODS
Ethics statement. Animals from which specimens were collected were handled in accordance with the animal protection laws of the People's Republic of China (draft released on September 18, 2009 ). The owners of the dead dogs gave permission for sample collection, and the welfare of the animals was ensured during the sampling process.
Specimen collection. Six live heartworms (DiC1-6) were collected during necroscopy of recently dead dogs from Cangxi, Sichuan Province, and one other sample (DiP1) was obtained from Pengshan, Sichuan. Isolates were washed three times in saline and stored at −20 C until needed for nucleic acid extraction.
DNA extraction, polymerase chain reaction (PCR) amplification, and sequencing. The genomic DNA of each isolate was extracted using proteinase K digestion and phenol-chloroform extraction. 17 Complete 16S and ND1 gene fragments were amplified from each sample by PCR using forward (16S-S, 5 -CAGTGTTCTGAGATTTGTGGGGCTA-3 ; ND1-S, 5 -ATGGCCTAAAGGGGCGTAAG-3 ), and reverse (16S-AS, 5 -ACTCCTCATGATCTGCAATCACACATA-3 ; ND1-AS, 5 -TAGACTGAAGCCCCTGATGC-3 ) primers, which were designed based on published heartworm mitochondrial genomes in GenBank (accession no. NC_005305.1) using Primer premier software version 5.0 (Premier Biosoft International, Palo Alto, CA). The PCRs were carried out in a final volume of 25 μL, and contained 12.5 μL of 2 + Taq PCR Master Mix buffer (TIANGEN, Beijing, China), 1 μL of genomic DNA, 1 μL of each primer, and 9.5 μL of ddH 2 O. The PCR program was as follows: 5 min at 95 C, followed by 35 cycles of 35 s at 94 C, 35 s at 61.3 C (16S) or 58.7 C (ND1), 35 s at 72 C), and a final extension of 5 min at 72 C. For each set of PCRs, positive and negative (no DNA template) controls were included. To assess quality, 5 μL of each PCR product was run on a 1.0% agarose gel. The PCR products were purified using a TIANgel Midi Purification Kit (TIANGEN), and submitted to Invitrogen Trading (Shanghai, China) for sequencing, which was performed three times. Reference sequences were obtained from GenBank using the basic local alignment search tool (BLAST), and the sequence of an isolate (DiStd) from Victoria, Australia was included (Table 1) .
Data analysis. Similar searches for ND1 and 16S rDNA single sample sequences were performed using the NCBI BLAST program (http://www.ncbi.nlm.nih.gov/BLAST/). Analyses of multiple sequence alignments were performed using the ClustalW program. 18 Amino acid sequences were inferred from the nucleotide sequences by consulting the *Address correspondence to Guangyou Yang, Department of Parasitology, College of Veterinary Medicine, Sichuan Agricultural University, Ya'an City, Sichuan Province, People's Republic of China. E-mail: guangyouyang@hotmail.com invertebrate mitochondrial genetic code, and estimates of evolutionary divergence between complete sequences were made using the Kimura 2-parameter model 19 using the MEGA software package version 5.10.
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The MP trees based on ND1 and 16S rDNA genes were constructed by MEGA 5.10 using the maximum parsimony method, Kimura's two-parameter model and 1,000 bootstrap replications. Bayes trees were constructed with MrBayes3.2.1 software. The evolutionary model was set as GTR + I + Γ, the analysis was run for 1,000,000 generations, burn-in time was for 250,000 generations, and sampling frequency was 1 in 100 generations. 21 
RESULTS
The ND1 and 16S rDNA complete gene sequences of the eight D. immitis isolates (seven from China, one from Australia) were aligned, and the nucleotide mutation sites were identified (Figure 1 ). Two sites in ND1 were non-synonymous substitutions. The nucleotide sequences of the 16S gene displayed a frequency of substitution of 1.13% (11 of 968 sites), and the corresponding frequency for ND1 was 0.56% (5 of 898).
Estimates of the evolutionary divergence among all eight D. immitis isolates were calculated based on the complete 16S and ND1 sequences, and were 0.00100-0.0052 (average = 0.0030) and 0.0000-0.0034 (average = 0.0014), respectively ( Figure 2) .
The phylogenetic analysis using 16S sequences showed that isolates from two different places (DiP1, DiC4) clustered together to form one small branch, and the other six isolates formed another branch ( Figure 3A ). Another species (Baylisascaris schroederi) was present in both constructed trees, and clustered with D. immitis in one tree, and with Wuchereria spp. + Brugia malayi; and Onchocerca spp. + Loa loa in the other.
The topology of the trees constructed with the ND1 sequences ( Figure 3B) showed that all eight D. immitis isolates clustered together in a single group. All other species besides the Baylisascaris schroederi outgroup were present in both trees, with D. immitis, or with Wuchereria spp. + B. malayi + L. loa + Onchocerca spp.
DISCUSSION
By comparing the complete sequences of all ND1 and 16S rDNA genes from eight D. immitis isolates, we determined an average mutation rate of 0.86% (16 substitution sites of 1,866 sites) across both genes. Both complete genes contained replacements, and the mutation rate of the 16S gene (1.13%) was higher than that of the ND1 gene (0.56%). Estimates of evolutionary divergence performed using the Kimura two-parameter model were in the range of 0.0000-0.0052, The gene sequences investigated in this work were from closely related species representing the main lineages of the Onchocercidae family, along with the Baylisascaris schroederi outgroup. The phylogenetic trees constructed using two different methods gave the same results; groupings of species other than the outgroup (Baylisascaris schroederi) were present in both D. immitis and Wuchereria spp. + B. malayi + L. loa + Onchocerca spp. trees. This is in accordance with other reports on the phylogeny of the Filarioidea superfamily, based on molecular approaches. 15, 16, [22] [23] [24] The ND1 and 16S rDNA gene complete sequences are therefore suitable markers for phylogenetic analysis of these organisms. The phylogenetic tree constructed with the 16S sequences showed more detail than did the tree based on ND1, in particular regarding the topology of the two samples DiP1 and DiC4. Additionally, the branches of the 16S trees were more likely to diverge.
Examination of ND1 and 16S rDNA complete gene sequences suggests these are both suitable markers for phylogenetic analysis of nematodes. The reconstructed phylogenetic trees based on these complete sequences also suggest that D. immitis is an independent monophyletic group separate from the other filariae. The 16S rDNA gene has a higher mutation rate, and the higher genetic divergence indicates that this gene is more sensitive for molecular phylogenetic analysis of nematodes. Because of the limited sample size and the possibility that regional differences may have an influence on the outcome, we intend to perform a more extensive study in the future. 
